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Introduction 

“n  echo  rungins  Byatrms  usln^  corz*el£tioo  teohniquss  it 
is  nooessar^''  to  introduce  an  ortil’icial  delay  In  tho  cor^pari- 
3on  airinal 

to  natch  the  Irc'rol  tiao  of  the  tranarritted  signal  out  end  the 
echo  back*  For  ’.«ide  band  systems  the  ca*tificial  delay  ti.7© 
must  usually-  bo  varied  slowly  to  irnintain  an  adO'iuato  ave;’- 
afing  tliDG  f itaii  parsing  throu^  the  correlation  funotioiip  and 
unless  the  rocuiixsJ  delay  is  itnom  in  advance  to  a fair  degyee 
of  apprordmatlcn,  long  ]>3riod3  of  search  (in  range)  may  ba 
roqvircd  to  ioca-e  the  correlation  fiznclion*  To  shertoi?  ibo 

spent  Izi  search  some  sort  of  multi ple-^proocssing  or 
apGecV'Up  systGir.  is  I’eqixirnd.  rnu.e  it  is  poasiTalo  to  uee  a 
uuaber  of  correlators  in  parallel  tlme-Tflae,,  each  ojxirating 
simultanoourjl;'  but  on  cenparisou  sif?ials  wllii  diffenont  tine 
delays.  Or  speeding  up  the  signal  it  is  possible  to 
search  raoro  rapidly  with  a singie  correJ.ator,  It  is  tho 
purpose  of  the  proBvsnt  jwipor  to  describe  an  ache  rajiging 
r.ystera  utilizing  m Automatic  Recycling  Muitiplp  Sampler 
( t^SiVS)  s.a  tlie  dori  ce  for  spooding  up  the  signal  for  mors  rapid 


1,  S.  G,  Sfestorficld;,  Automatic  P.ocy cling  Multiple  Sampler^ 
IHut  Twclu'leal  Kenio  Ko.  132,  17  August  1955.  (Onclasniflcd) 


Boarcli  in  range. 

Ooscriptloa  o"  ths  Rapid  Corit^lation  Kcho  Ranggr 

In  the  ainpllfiod  blodc  diagram  of  the  Rapid  CorrelatJ.on 
Scho  Ranger  gIzowti  in  Figure  I,  a Paeudoraudoa  Koise  Goneratox^ ’ " 
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r,  R.  Tt,  OtsphBCsoK,  FEauc’orandofi;  ’■.’oleo  'jenorators,  M?1  'Cnter- 
nal  Technical  Feao.  Ho,  23  Nov  1953 (Confidential) 

3.  ’V.  B.  illen  an’.l  ?.  '’>ciith,  r£5oudor<-i:jdom  IJoJ.so  Generator, 

Tochnical  I'eao.  Ko.  36,  28  1954.  (Ccmfldentlal} 

(JWro  #2)  is  used  to  produce  Ihe  sinnala,  F^dtJG  ir2  i a dr3.ven 
by  th<?  recycling  pulses  iVoin  fujothcr  FKJ?G  (#!)»  Ifil'G  #1  serves 
a dual  purpose,  it  acts  as  a jiulso  frequency  divider  in  the 
.'Jlie  unit,  ar-c,  also  :iro''/ide3  a conpacison  signal  for  correla- 
tion rrith  the  sped-up  signal  output  of  tlie  ARPJB  unit. 

The  block  labolsd  Tronsrltter  includejs  such  filtei’ing, 
raodulabion,  snd  aajilifying  functions  as  Vi&y  be  required,  in" 
eluding  tlie  transdv^cer  for  placing  the  sound  in  the  trana- 
nitting  aediura.  Si  .lilarly,  the  block  labeled  Receiver  includes 
oh©  pick-up  unit  am’  any  filtering,  aiapliiying,  and  demodu3.a- 
ticn  functions  required  after  tracsaisslon  and  pirior  to  spaed- 
upe  ihe  block  labeled  Correlator  is  also  quite  general  in 
fiuxtion,  cont5in:lrg  apy  accessary  additional  filtering, 
lir-ifci'ig,  heterodyning,  multiplying  and  roctlfjdng 

fU2  ctiana  including,  if  required,  a bank  of  output  fll'iiers 
for  dopplar  daterEination,  Toe  blocks  coTpprislng  the  AMS 
unit  are  enclosed  by  the  rectangle  iirdloated  by  dashed  lines, 
t^y  pTO'ddiag  a soparate,  eryotal-controllei  pulse  gen, orator 
for  diivlng  PlifiS  #2,  t<’ie  ^ste^  becoaas  on-i  for  one  tpay  trans- 
raissioa  and  rocapticn  instead  of  echo  ranglngo 
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I,  JSifiipIinad  Block  Di^tgjrcju  of  a Rapid  Corroiaticn 
Echo  Ranging  STiateo 
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a*  bl.'kL 

0::(’ ration  .,of . the  Corr^il  ?ition  l^ho  r&n.TOX’ 

'.^10  naater  pulse  goneratcr,  which  mey  Itself  ba  driveii 
a crystal  controlled  oscillator,  provldv^s  ^ pulses  per 
second  for  driving  the  R-stage  binary  shift  register  and 
PaKG  #1,  An  n-stsgo  HKG  recycles  after  N (:?  <^-l)  pulses 
and  can  Id®  connected  U>  andt  % pvO.se  each  time  it  recycles.. 
'UBG  will  thus  provlda</'’ /(2”*1)  pulses  ix)r  second  to 
drive  the  sampler,  the  selector,  and  PRI’JG  ^2,  Since  fUKG  HZ 
Is  also  an  n-utage  unit  it  -Till  go  through  onl.y  ono  cycle 
while  IflG  .#1  is  going  through  2^”  1 cycles*  It  follows  that 
the  output  of  RING  #1  is  simply  a sped- up  veralon  of  that  of 
1’R^?G  #2,  tijs  £':eod'>up  factor  being  2^-  1.  "ftiking  R s N ''  i 
« 2^  - 2,  the  output  of  the  P.^stago  binaiy  shift  register  la 
the  AP.®  iBiit  is  also  a sped‘-up  version  of  the  recel.ved  signal. 
TTlti.  a speed-  ip  fac  tor  of  2”  • 1,  Neglecting  noiso  axzd  doppler 
on  the  echo  it  is  thus  seen  that  the  output  of  the  binary 
chii't  register  Is  ne.arly  tlie  same  as  that  of  IRNC  #1* 

The  escontlra  difference  is  that  the  PiNG  #1  : ecyclot.  after 
N (si  2”-  1)  co'iCtB  while  a saTiple  In  the  slilfl  rct^lster  la 
recyclad  after  R (*  2”-  2)  counts  from  the  master  pulse  genera- 
tor*  I'hfi  output  of  the  binary  shift  register  is  thus  stepj  ed 
along  ono  stage  with  respect  to  the  output  of  the  PR?:&  01  each 
tine  toe  latter  recycles , .ift-or  the  first  aat^ple  froin  FRIiC- 
#2  is  introduced  into  the  shift  register  it  rcjqulres  N~2 
(.:  2®“  3}  recycles  of  !^3JC-  01  to  fill  the  shift  register  -JfiUi 
sample;?  ftxira  Pi'NG  02  and  bring  tlie  output  of  the  shift  register 
la  ssscntlal  j^ase  rzlth  the  output  of  RING  #1. 


4. 


CONFIDEi.Tm 


Tjurlrvj  ti'a  n^x'^  recjclln,"  [jerlod  th-;  outrutp  an  >.t'  step  nnd 
peak  co.'z-slatlor;  occurs,  a slleht  tJieor« tioal  inproveacnt 
in  performar.crj  of  the  system  is  achieved  iy  havinfij  13  stages 
in  tho  shift  .'’epistor  end  using  the  output  from  the  Hth  atage 
to  recycle  thr'ough  tho  selector.  The  output  from  tho  ffoh 
stage  will  thon  te  in  step  irith  the  output  of  Hd-^G  'll  while 
the  litter  la  going  through  its  Kth  cyclo.  la  this  oase.^ 
nogleofcing  dopcler.  th.e  peal:  corrolatlon  would  extend  over  H 
instead  of  the  previous  N"I  scnples.  For  large  voDues  of  'uJ 
tho  luproveront  is  negligible, 

Tdd.ng  ffj  as  tho  center  frequency  cf  tlie  sign£il  prio)  te 
sp&ed'  up  and  ^ f ao  the  nomln.'il  fracuency  spread,  the  nominal 
cumber  of  cycles  in  the  auteccrrclation  function  may  bo  ta’cen 
ua  For  a rectangulc**  spectrum  the  aor!nali.r,ed  autc>- 

correlation  fijnctJ-on  Is  cos  STlf-T,  frvim  which 

It  is  st^an  that  one  cycle  of  too  correlatlfXi  function  corres" 
ponds  to  a differential  delay  of  one  cycle  of  the  center 
quoney  in  the  signal.  Since  tixe  sampling  rate  is  /V-^  th'j 
number  of  samplss  per  center  frequency  cycle  is  It 

folloTTs  that  the  tumber  of  stages  occupied  by  one  center 
quency  cycle  in  tlia  shift  I’egister  will  bo  Since 

there  is  a differential  delay  of  one  stage  each  time  PRIIG 
recycles,  it  vlll  recycle  times  to  produce  ono  cycle 

I 

of  tlw  autocorrelation  function,  % produce  /<Pf  cycles  It 
TTOvad  need  to  recycle  (f  times,  "nie  recycling  period  is 

N/^,  hocce  tho  tiiae  required  to  run  tlirou^  one  cycle  of  tho 
correlation  fucction  is  3/^’,,  the  nominal  duration  of  the 
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correlatjon  fuiiCtlon  is  l/a>f, 

A bond  pass  filter  with  boiidwldth  ^ f and  center  frequency 
fjj  on  the  output  of  the  correlator  wjuld  therefore  be  adequate 
to  achieve  the  maxliaum  averaging  tijae  of  Tin  » l/of.  This  aver- 
aging tioo  coiild  also  b©  achieved  ly  rectifying  the  output  of 
the  correlator  and  using  a low  pass  filter  with  cutoff  at 
l/i\f.  Since  all  frequencioa  less  then  half  the  sampling  rate 
are  sped-up  ty  u factor  of  N,  tho  frequency''  spread  of  the 
signal  after  speed-up  is  jCSti  v K/3f.  The  maximua  pi'ocossing 
gain  is  then  given  ty 

\Z>fl  •«  M a 2“-l  (1) 


Ir.  the  above  development  it  was  aesumsd  that  the  doppler 
was  aero  on  tha  signal  being  procossed.  In  general  this  will 
not  be  true  and  the  effect  of  doppler  must  be  taken  Into 


sccouT-t.  Fox  a velocity  v of  the  target  relative  to  the 
echo-ranging  vessel j fractional  doppler  is  0 » Zv/cg  o 
bolng  the  velocitir  of  sound  la  the  transmitting  ntedlian.  L? 


Vqj  la  the  ca^'icura  relative*  target  spaed  to  be  ojcpectod,  Hkj 
maixliniaj  ospccted  doppler  will  bo  n 2V]g/o« 

Tho  effect  of  doppler  is  to  produce  a tlTne-^wise  coapi-ossion 
or  expansion  of  tii©  signal . A signal  which  wj.th  a©rt>  doppler 


occupied  H stages  in  the  binaiy  shift  register  will  occupy 

V 

(l-D)K  stages  lihen  subjactod  to  a fractional  doppler  D,  Sup- 
pooe  that  at  the  beginnlns  of  a recycling  oerlod  IRHC  f?l  Is 
in  step  with  the  spad-up  PRKC  i?2  signal  CD  the  output  of  tlie 


bla*x7  Blilft  reglater.  At  th*  end  of  the  recycllxig  period  It 
would  be  DR  eto^e  out  of  c«tep.  That  la,  a dlfferentltO.  delay 
of  oentar  frequency  oyclea  occurs  during  each  recycling 

period.  It  folloee  that  the  correlator  output  la  swept  progres- 
sively through  this  nmher  oi'  cycles  of  the  ccrrolatlon  ftnctlon 
during  each  recycling  period  of  nWC  #1.  Since  the  duration  of 
the  recycling  period  Is  II/<^  the  output  frequent  during  the 

period  is  IiHfo.  An  adjustment  ooours  at  the  end  of  the  period 

Jn  center  frequoncy  cj’Cies 

so  that  the  net  differential  deli^orer  the  coopiete  recycling 
period  Is  approxlaately  Nf^/./^,  the  sane  as  for  sero  dopplor. 

If  DU  Is  saall  conpared  to  unity  the  effect  of  the  doppler  will 
be  to  Indroduce  a negligible  perturbatlcn  on  the  oor^xilator  outjut. 
For  ON  l&i^  compared  to  unity  the  doppler  oust  be  taken 
into  account.  Suppose  a bank  of  orerlapping  bandpass  filters  are 
placed  on  the  output  of  the  oorrelator  to  natch  the  doppler. 

The  bandwidth  of  individual  filters  should  be  at  least  Z'^z/V  to 


accept  side  bands  introduced  by  the  rocj-cltng  frequency,  and  the 
center  frequenclos  would  range  from  fg  to  I^Nfc  In  steps  ol 
2(p/iK  If  fc  is  taken  as  (one  third  the  sasqxUng  rate), 

the  oecter  frequanelss  of  the  filters  would  vary  in  steps  of  hf^ 
and  the  nuaber  of  filters  required  would  be  about  I'tOgiN/b.  Since 
the  correlator  output  Is  swept  through  DB^fg/c^  cycles  of  tbs 


correlation  function  during  each  recycling  period  of  PSKO  #1,  there 
should  be  at  least  this  many  cycles  in  the  not^nnl  duration  of  the 
correlation  function  to  ovoid  serious  attenuation  In  the  output. 
This  gives  /nf  (2) 

or 
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whence 
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cp/n^ir^ 

s 3f/nj,H,  IV«  i3 


afo  » Dm»i'3 


(4) 


when  is  taken  aa  f^/3K» 

The  Tiaxltnum  doppler  to  be  expected  may  thus  place  eorlous 
Uisltations  on  the  bandwidth  of  the  signal  which  may  be  euploy- 
od.  If  this  lialtutlon  is  adhered  to,  however,  the  nominal 
dui’ation  of  tlie  output  signal  wtll  remain  Tjj,  w l/jS  f and  tJie 
maximum  processing  gain  will  be  2®  - 1 as  before.  This  Buad- 
mum  processing  gain  can  Ixi  aclileved  by  roctdiying  and  low- 
pass  fllterin/j  the  output  of  the  bond  pass  filterso 
'•’isousaion 

The  traxiEUB  value  friiich  can  be  used  for  the  master  pulse 
frequency  depends  to  some  extent  on  the  type  of  binary 
ahlft  register  whicii  is  employed.  Traiwlstor-type  sfalf^  registers 
can  bs  operated  at  rates  as  high  aa  3 or  4 megacycles  for  exam- 
ple, but  there  socscis  to  !.■«  eom  question  aa  to  their  reliability, 
i’lniature  magtotlc  shift  registers  can  apparently  be  reliably 
operated  at  100  ka.  For  tee  moment,  therefore  we  will  talte  the 
naxlmua  driving  frequen<qr  for  the  shift  register  as 

» 100  kc  (5) 

Taking  tho  velocity  of  ucdarwater  sound  aa  approximately  5tX» 
ft/soc  and  assurilng  a moxinim  illative  target  range  rate  of  30 
'mots  glares  ^ (6) 

as  the  ir.i-rimc-n  fractional  doppler  to  be  expected  in  echo  rrooglng 
studies.  For  ahip-to-shoro  tranenlaslon  studies  slower  speeds 
nay  be  expected.  In  a particular  applioatioa  being  oonsldorod 
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6 knots  -nay  ts  tt-l  on  the  r.iaxiEtuni  sJd.p-to~3hoi'C  speed  to  bo 


expected.  This  wuld 


\ = 0,002 

Pi 


Taidng  these  t\m  values  of  Djj,  as  extrs.’aosj  it  seems  -rfrirth 
to  tabulate  the  corrsspondins  values  of  ioi  vaid- 

ous  values  of  R iii  equation  (4).  Since  the  samplins  rate  is 
'f/ti,  the  toaxlmui.-’  center  frequency  iriay  be  ropresentod  by  the 
equation  = ^^^3^  (S) 

Ikiuation  (8)  is  based  on  the  assumption 

< (fc)m  (9) 

since  tho  niajc.a:\Tia  frequency  in  the  signal  should  not  excerd 
one  iialT  of  the  sampling  rate.  In  the  foUovdng  table  (^f)^ 
has  been  given  the  value  of  (rg)ji  vdaen  eq-uation  (4)  vfoui.d  have 


given  a larger  value. 


Table  I 


a 0.02 


5<i9  ops 


Dg  = 0.002 


1023  1022 
2047  2046 


* it  should  be  pointed  out  that  vdiile  these  val’ics  i’spresant 
broadband  operation  in  the  sense  that  (<^f)jn  = (fc)a»  tl'.oy  uuso' 
not  be  broadband  in  the  ox'dinary  meaning  of  the  term.  may 
bo  the  centsi'  frsquoncy  after  dejrodalation  and  hence  may  be 
very  nraoh  less  than  the  actual  carrier  frequency.  3’fc 

all  values  in  t.}xc  last  three  coiximns  of  Table  i ’.«>uld  br:  n- 


jrcased  by  a factor  of  30. 


